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RADIATION THERMOMETRY - THE MEASUREMENT PROBLEM

T UCTION

Radiation thermometry iz the measurement of the temperature
of an cbject by radiometric methods. A radiation thermometer
is a radiometer calibrated tc indicate the temperature or a
blackbody having the same apparent radiance as the "target,
the specific surface area over which the temperature is to be
measursd. An idealized radiation thermometer is illustrated

in Fig. 1.

This method of temperature measurement is used when contact
with the heated object - such as by a thermocouple - is
undesirable or impossible., e.g.. when the target is in
motion, is inaccessible or would be damaged by contact, when
the target temperature might be perturbed by a contact
device, or when the target temperature is so high that the
intense heat would degrade or destroy a contact temperature
sensor. Radiometric methods are particularly important in

industrial precesses and in laboratory applicaticns.

Eadiaticn thermometry can be separated into three parts: the
radiator tthe target), the =nvironment between the target

and the radiation thermometer, and the radiation thermumeter
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Fig. 1. 1Idealized Radiation Thermcmeter

The radicmeter output signal is directly proportisnal
to spectral radiance, which is exponentially related
to temperature through Planck's radiation law.



jtself. We begin by considering blackbody radiation, which

forms the theoretical basis for radiation thermometry.

-—

THERMAL RADIATORS

BLACKBODI

A blackbody is a surface that absorbs all electromagnetic
radiation incident on it, reflecting nothing. At room
temperature, such a surface would appear to be absolutely
black, but at sufficiently elevated temperatures it would
glow somewhat more brightly than the surface of any real
material at the same temperature. The spectral radiance of a
blackbody is given as a function of temperature T and

wavelength A by the Planck radiation distribution (Fig. 2):

Cy
L, p(T) = ‘D
>\,b >\5-(eC2/>\ T_-l)
where
2y = 2vcz'h = 1.181062 x 1@8 [W-ume sr.]-n'f'2 1 (2)
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Fig. 2. &Spectral radiance of a blackbody, from Planck's radiation law«.
Temperature in Kelvins is shown for each curve.



c,= c-h/k = 1.438786 x 10% [umeK7 ; (3)
c is the velocity of light ;
h is Planck’s constant |

k is the Boltzmann constant

The spectral radiance of a surface (Fig. 3) is defined as

3
Ly(A) = 3(A) (4
3A-COS6°dwedA
where 33¢(X) is the electromagnetic radiant flux (watts)

in the spectral band 9A at wavelength A radiating into the
elemental solid angle 9w from the elemental area 3A having
its normal at an angle & with the elemental beam. The
spectral radiance of a surface can be recognized as corres-
ponding closely to the quantity perceived by the eye as
brightness, and has the very important property of being
invariant along a ray. This invariance is the basis for the

usefulness of spectral radiance in radiometry

A blackbody surface is, strictly speaking., a purely hypothet-
jcal entity. No such material surface exists in practice,
but blackbody radiation does exist. An opague isothermal
cavity is filled with blackbody radiation characteristic of

8
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Fig. 3. Geometric aspects of spectral radiance,
defined to be the derivative of radiance
with respect to wavelength.



the temperature of the cavity wall; such radiation is
iiSE;opic and "unpolarized."” If a small aperture is made
through the wall, the escaping radiation very closely
approximates that of a blackbody. Because of the invariance
of the spectral radiance along a ray, the spectral radiance
of the aperture is equal to that of the inner wall of the
blackbody opposite the aperture as viewed along the ray.

Such cavity radiators have long been used to simulate
blackbodies experimentally and can be made to do so with high

accuracy. This provides the experimental basis for calibrat-

ing a radiometer in terms of blackbody temperature.

NON-BLACKBODIES

All real materials at temperatures above absolute zero also
emit thermal radiation, but always less than a blackbody at
the same temperature. The treatment of non-blackbody
radiation is usually based on a rigorous but somewhat
abstract thermodynamic argument that tends to obscure the
physical processes giving rise to the observed effects. We
consider here an alternative somewhat simplistic but other-
wise very helpful model, in which it is shown that an opaque
isothermal material can be considered to be filled with
blackbody radiation that is continually being absorbed and
re-radiated. EThe outbound radiant flux that originates in a

layer just beneath the surface is partially internaily
10



reflected at the surface, in the case of optically homogsn-
=ous semi-transparent materials, or from scattering sites
jgzz—beneath the surface, in the case of strongly scattering
dielectrics. The fraction that penetrates the surface and is
emitted is defined to be the spectral emissivity, €(X), and

the fraction that is internally reflected and re—-absorbed can

be recognized as the spectral reflectance, p(A).

As an example, we consider the combined effects of volume
absorption and emission, together with surface reflection, on
radiation from a thin elemental isothermal slab (Fig. 4)
lying a short distance x beneath and parallel to the
surface of a thick optically homogeneous semi-transparent
semi-infinite solid. For simplicity, we consider only
radiation normal to the surface; this does not lead to an
error. By Kirchhoff's law, we know that the spectral
emissivity of the slab must be equal to its spectral absorp-

tivity:

e(A) = a(A) = a(Ar)-dx (5

where a(A) is the spectral linear absorption coefficient,

the fraction of radiation absorbed per unit path length.

The radiance emitted by the elemental slab [a(A)-dx]-LA boJT)

?
in the direction of the surface and normal to it is

. -a(X)ex

reduced by absorption by a factor and is then

11
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further reduced by surface reflection by a factor 1 - p(X).

Thus the contribution to the surface spectral radiance by

———

the elemental slab is
dL(x) = [1 - p(r)]eedr)ex ‘[a(A)+dxleL, L (2,T) (6)

For a semi-infinite solid slab of thickness x great enough
that radiation reflected from the back surface can be

neglected,

X

L(x) = [1 - p(k)]-Lk b(A,T)~{;'a(A)°x-a(A)-dx
i o

Upon integration, this yields

(A,T) (8)

L) = 0= (301 - 2N L 1

From the formal definition of spectral emissivity,

L,(A) = E(A)qjdb(A’T) : (9)

it fdllows that

e(x) = [1 - p(A)]-[1 - e2(A)exy (10)

13



If the material is thick enough that e-a“J.x is neglig-

ible compared to unity, the material is said to be opague.

—————

Under these conditions,

e(d) =1 - p(X) . (11)

An opaque isothermal body is thus seen to behave as if it
were filled with blackbody radiation. part of which is
internally reflected by the surface and re-absorbed in the
interior of the body; the remainder penetrates the surface
and is emitted. It follows that the emissivity of an opague
isothermal body can be described in terms of its reflectiv-

ity.

The spectral absorption coefficient varies with wavelength,
sometimes markedly; a material specimen such as glass may
therefore be opague at some wavelengths and transparent or
semi-fransparent at others, whereas metals of appreciable
thickness tend to be opagque at all wavelengths. Eq.(19)
applies in all cases. but only in spectral regions in which
an isothermal body is opaque does it behave as if it were

filled with blackbody radiation.

14



SURFACE ROUGHNESS

Tﬁ;“;ffects of surface roughness are difficult to predict
quantitatively, largely because there is presently no fully
satisfactory method of characterizing surface topography.
Statistical descriptions have been used successfully in some

applications. One of the more useful parameters is the

optical roughness, o/A , where ¢ is the root mean squars of
the depth of the surface irregularities. When o/Xx > 1,

the reflective behavior is determined by geometrical optics,
but when o/A << 1, the reflective properties depend on
diffraction. (DeWitt [2] gives oA = @.15 as the upper
limit of the diffraction range.) Between these two regions,
the reflective properties depend on the wavelength and the
character of the surface topography [3] and are not well

understood.

We know from Kirchhoff’s law that, for any given direction
from the surface and for any given component of polarization,
the spectral absorptivity of a surface is equal toc its

spectral emissivity, i.e.,

a{r) = e(n) . (12)

This allows us to explain the fact that a roughened surface

always has a higher emissivity than a smooth surface or

15



the Same material (Fig. 5 and 6). If one considers radiation
igsi@ent on a surface for which o/X > 1, where geometrical
optics applies, a ray striking a smooth flat surface can
reflect only once before leaving the surface, whereas a ray
striking a pit may be reflected more than once before leaving
the pit. The deeper the pit relative to its width, the
greater the probable number of reflections that will occur
before that radiant flux leaves the pit. BSince some energy
is absorbed at each reflection, a larger fraction of incident
radiation is absorbed by a pit, on the average, than by a
smooth surface. Since the absorptivity of the pitted

surface is therefore higher than that of the smooth surface,
so must be its emissivity, in accordance with Kirchhotf’s ‘

law. The effects of surface roughness in the case of

aluminum can be seen in Fig. 5 and 8.

For the case in which o6/X << 1, diffraction dominates the
directional distribution of reflected radiation. Assuming a
Gaussian distribution of ¢, Bennett and Porteus [7] extended
earlier work done by Davies [8] and Chinmayanandam [8], based
on diffraction theory, to obtain the following expression for
the special case of normally incident irradiation:

)2

(ameom)? + 32ente(o/0) (00) 2/

e 1137
Po
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Fig.
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Fig.

NORMAL EMISBIV.ITY
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S. Normal spectral emissivity of aluminum 11XX series. See Table 1
for experimental details.
€1-p
- 308 K (191°F)
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6. Angqular spectral emigsivity of alloy 7075 (aluminum + 2n 7.5% +

Mg 2.5% + Cu 1.6%) measured at 25° to the normal. See Table 2
for experimental details.
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TABLE 1

sample description and conditions for normal spectral emissivity of aluminum,
11XX series shown in Fig. 5 [4].

Curve Temperature Reported Composition (Weight Percent),
Ne. K Exrror, % Specification and Remarks
1 599 =20 99.7 Al, C.11 si, 0.01 Cu, 0.0l Mg,

<0.01 Mn, Ni and 2n; cylindrical tube;
heated at 467X for 15 hrs; polished with
Carnu on Selvyt cloth; surface roughness
0.08 'm (center line average); data
extracted from smooth curve; error given
in the wavelength range 2 to 10 im.

2 697 =20 Above specimen and conditions except
heated at 697K for 20 hrs before
measurement.

3 805 =20 Above specimen and conditions except
heated at B0SK for 15 hrs before measure-
ment.

4 589 £20 Above specimen and conditions.

5 462 *10 99.7 al, 0.11 Fe, 0.11 Si, 0.01 Cu,

0.01 Mg, <0.01 Mn, Ni and 2n; tube;
heated for 25 hrs at 462K; roughened
and knurled with grade 180 silicon
carbide paper, surface roughness 2.9 um
(center line average); data extracted
from a smooth curve; error given over
the wavelength range 2 to 10 um.

& 599 10 Above specimen and conditions except
heated at 598X for 22 hrs beifore
measurement.

~1

718 =10 Above specimen and conditions except
heated at 715K for 27 hrs beifcre
measurement.

8 803 =10 Above specimen and conditions except

heated at 787K for 17 hrs before

measurement.

9 461 =10 Above specimen and conditions.

NOTE: Original publication is reference [5].
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TABLZ 2

Sample description and conditions for angular spectral emissivity of 7075-T6
alloy shown in Fig. 6 [4].

Curve Temperature Camposition (Weight Percent),
No. K Specification and Remarks
1 306 Aluninum 7075-T6; nominal composition: 5.6

2n, 2.5 Mg, 1.6 Cu, 0.30 Cr, and Al balance,
polished surface roughness .08 .m (R’MS);
authors assumed £=q=1-2 (25°, 2T).

2 306 Aluminum 7075-T6; nominal coamposition: 5.6
Zn, 2.5 Mg, 1.6 Cu, 0.30 Cr, and Al balance:
sanded with 150 grit paper (grit sieve open-
ing 104 um); RMS surface roughness in
microinches; in line 0.3 :m, across 2 Lm;
authors assumed s=q=l-C (25°,27).

3 306 Aluminum 7075-T6; ncminal ccmposition: 5.6
An, 2.5 Mg, 1.6 Cu, 0.30 Cr and Al balance;
sanded with 80 grit paper (grit sieve opening
175 um); RMS surface roughness in microinches;
in line 1 um, across 4 .m; authors assumed
c=Qqm]~C (25°,2T) .

4 306 Aluminum 7075-T6; neminal composition: 5.6
Zn, 2.5 Mg, 1.6 Cu, 0.30 Cr and Al balance;
sanded with 40 grit paper (grit sieve epening
42 um); RMS surface roughness in microiaches;
in line 1.9 um, acress 7.2 .m; authors assumed
£=Qq=1=-p (25°,2™m) . |

S 306 Aluminum 7075~-T6; nominal composition: 5.6
Zn, 2.5 Mg, 1.6 Cu, 0.30 Cr and Al balance;
sandklasted with 250 mesh silicon carbide
(mesh opening 60 um); RMS surface roughness
.3 um; authors assumed c=q=l1-5(25°,27).

6 306 Aluminum 7075-T6; nominal composition: 5.6
2n, 2.5 Mg, 1.6 Cu, 0.30 Cr and Al balance;
sandblasted with 60 mesh silicon carbide
(mesh opening 250 um); RMS surface roughness
7 “m; authors assumed c£=g= 1 -p(25°, 27).

NOTE: Original publication is reference [6].
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where p is the reflectance of the roughened surface for
normally incident radiatiom, p¢ 1is the corresponding

reflectance of an ideally smooth surface, 48 is the half

angle of the field of view and m 1is the rms slope of the
pitted surface. This 2xpression was experimentally verifisd
for aluminized ground glass surfaces, with goocd accuracy.

The first term on the right corresponds to specular (coher-
ent) reflection and the second to diffuse reflection. Note
that specular reflection dominates at long wavelengths and
diffuse reflection dominates at short wavelengths. A more
complete treatment of the scattering of electromagnetic waves

from rough surfaces can be found in reference [1d].
0 TION

Oxidation can also have a major effect on the emissivity of
metal surfaces [1]. We consider aluminum as an example. A
tightly bound oxide barrier layer is formed on an initiall
unoxidized surface, impeding the rate of subsequent oxida-
tion. A porous oxide layer then grows more gradually on top
of the barrier layer. In the case of relatively pure
aluminum (Fig. 7), these layers have only a small effect on
the emissivity, but alloys containing magnesium are much more
strongly affected. For all aluminum alloys containing
significant amounts of magnesium, héating at a fixed tempera-
ture above 317 deg C (683 deg F) causes emissivity to

20
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Fig. 7. Normal spectral emissivity of alloy 2024 (Aluminum + Cu 4.4% + Mg 1.5%
+ Mn 0.6%). See Table 3 for experimental details.
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TABLE 3

————

sample description and conditions for normal spectral emissivity of 2024
alloy shown in Fig. 7 [4].

Carve Temperature Composition (Weight Percent),
No. K Specifications and Remarks
1 823 Aluminum alloy 2024; ncminal composition;

4.5 Ca, 1.5 Mg, 0.6 Mn, Al balance; oxidized
in air for 2 hrs; measured in air.

2 323 Aluminum alloy 2024; necminal cemposition;
4.5 Cu, 1.5 Mg, 0.6 Mn, Al balance; surZace
roughness 0.04 im (center line average);
measured in nitrcgen; computed by £=1-C(27,5°),
[Author's designation Specimen 1l].

3 323 Different sample, same as above specimen and
conditions except surface roughness 0.2 um
(center line average); (Author's designation:
Specimen 3].

4 323 Different angle, same as above specimen and
conditions except surface roughness 0.C8 um
(center line average); [Author's designation:
Specimen 4].

NOTE: Original publication is reference [4] for curve 1 and reference [12]
for curves 2, 3 and 4.
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increase at a rate that is a function of the magnesium
concentration, nearly independently of other factors. This
effect has its roots in the relatively high vapor pressure of
magnesium, which causes the magnesium to migrate to the
surface where it either evaporates or oxidizes. This causes
roughening of the interface between the alloy and the oxide,
thus increasing the emissivity. The outward migration of
magnesium also causes dislodged microscopic aluminum be
trapped in the oxide layer, further increasing the emissivity
due to optical scattering effects. The effects of oxidation
are illustrated in Fig. 7. BHaugh [1] found oxidation to

be "the most serious obstacle for applying radiation thermom-
etry to aluminum alloys." This problem could be largely
eliminated if a satisfactory method could be found for
measuring the emissivity of aluminum alloys during the

manutfacturing process.

Emissivity effects for opaque surfaces can thus be accounted
for in terms of reflection effects, and a knowledge of the
reflective properties of such a surface forms much of the
basis for an understanding of its emissivity. For a closer
look at reflectance effects, we now consider some well-known

conclusions from electromagnetic field theory.
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FRESNEL REFLECTION

- —

The Fresnel formulas, which can be derived from Maxwell's
equations, are express;ons for the reflectivity of an ideally
zmooth (specular) and optically homogeneous plane material
surface for incident electromagnetic radiation. The polariz-
ed components of reflectivity are expressed in terms of

the optical "constants"” n (the refractive index) and X«
(the extinction coefficient) of the surface material, and 6,
the angles of incidence and reflection. These are given

below for two orthogonal components of polarization:

(3.8) = a2 + b2 - 2+a-sin 6&-tan 6 + sinze-tanze (14)
VA ) 7 R (%,0)
a + b® + 2+a-sin fHetan 6 + sin H-tan
(3o6) a® + b2 - 2+a-cos 6 + cos2 B .

2-a+Co0s & + cos2 8

<]

+
o
+

1/2 ]
2+a% [(n? - k2 - sin%8)2 + 4-n%ek?] 72 02 2 2o sindg (16)

and

1/2
2'b2 [(n2 -2 sinze)2 + 4'HZ'K2] / -(n2 -l sinze) (17)
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where Py, 1is the reflectivity for plane polarized incident
radiation with the direction of vibration of the electric
vector perpendicular to the plane of incidence and . Py is
the reflectivity when the direction of vibration of the
electric vector is parallel to the Plane of incidence. Note
that the refractive index n and extinction coefficient «
properties of the material, are both dependent on wavelength
and, at least to some extent, on temperature, and are

therefore not truly constants.

Since an incident plane polarized wave of any orientation can
always be resolved into two orthogonal components, one
perpendicular and one parallel to the plane of incidence. the
above expressions are sufficient to cover all cases of

specular reflectance.

It can be shown that eq.(1l1l) holds for each of the polarized

components:

[
—
'—l
ao
~

e (2) +0.(2) =

and

J
—
[oN
w
N

E“(A) + pn(k) =
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and that for unpolarized incident radiation,

o(r) = _‘2.°[p;(k) + p, (A)] (20)

Flots of the reflectivities corresponding te eq.(14), (127,
and (2¢) are given in Fig. 8 for a range of values of n

. The

m

and ¥ ., and for angles of incidence up tc 50 degres
extinction coetficient, and therefore the reflectivity, is
characteristically low in materials classified as dielec-
trics., is characteristically high in materials classified as
electrical conductors, and is very high in the case of
resonance absorption. For dielectrics, typically 1.3 < n <
3, and k < 1. Values of n and X for a number of metals

are given in Table 4, for a few selected wavelengths.

Changes in the phase angle of an incident wave occur during
the reflection process, giving rise to additional polariza-
tion effects. As a result, thermal radiation from a smooth
metallic surface viewed off-normal is elliptically polarized.
In the case of a2 rough surface, on the other hand, the angle
of incidence of a beam of radiation depends on the surface
micro-topography and varies across the width of the beam.

The reflected radiation thus contains many different compon-
ents of polarization, the net effect of which is difficult to
characterize in practice. An understanding of these and

other such effects is likely to be important to future

26
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Bennett, Handbook of Optics [131.
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TABLE 4

Optical Constants of Selected Metals

A n K
Aluminum 12 um 33.6 76.4
Cobalt 0.589 2.120 1.900
Copper 0.650 0.44 3.26
2.25 1.03 1.7
4,00 1.87 2l.3
4.20 1.92 22.8
5.50 3.16 28.4
Gold 0.58¢ .47 2.83
2.00 0.47 12.5
5.00 1.81 32.8
Iron 0.589 1.51 1.63
Magnesium 0.589 0.37 4.42
Nickel 0.589 1.79 3.33
2.23 3.95 8.20
Platinum 5.C0 11.5 15.7
Silver 0.589 £.18 3.64
2.25 0.77 15.4
4.37 4.34 32,6
4.50 4.49 33.3
Sodium 0.589 0.005 522
Steel 0.589 2.485 1.381

NOTE: There are often significant differences between values for optical
constants determined by different investigators. Those given above
are <rpical.
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developments in radiation thermometry, since consideraticon of
the polarized components of radiation taken separately offers
sfgglficant potential advantages over the consideration only
of unpolarized radiation. As an example, consider the
reflectivities illustrated in Fig. 8 It is clear that ﬂ‘
is much smaller than pp in certain angular regions of#-nor-
mal, and therefore that €, is much larger than ¢, at those
angles. Similarly, €g is substantially larger than the
unpolarized emissivity in those regions. The existence of
polarized components of reflectivity and emissivity also
creates the possibility of other useful relationships, such
as Abele’s condition [14]. For a further discussion of

polarization effects, the reader is referred to standard

texts on optiecs [15,16].

The Fresnel formulas are reliable to the extent that surface
conditions approach the ideal and the correct values of the
optical constants are known. In practice, surface conditions
are often far from ideal and optical constants can be
strongly atfected by the presence of impurifies and inhomo-
geneities. When allowances are made for non-ideal surface
conditions such as roughness, impurities, inhomogeneities and
coatings, however, the Fresnel formulas provide a sound basis

for understanding emissivity effects.
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The values of the optical constants can be determined

e&gg;imentally by a sophisticated experimental procedure
known as ellipsometrvy [13]. This requires very nearly ideal
optically smooth homogeneous surfaces of the material under
consideration. In the case of pure aluminum., such surfaces
can be prepared by vacuum vapor-depozition on an optically
flat glass plate. When values of n and X determinsd by
ellipsometry for vapor deposited aluminum are substituted
into the Fresnel equations, the computed values of spectral
reflectance compare very favorably with experimentally

determined values [1], as can be seen in Fig. 9.

Expressions for n and k can also be deduced from gquantum
theory and expressed in terms of atomic constants and
wavelength, so it is possible in principle to determine
emissivity from physical theory. Since the appropriate
physical constants are not all sufficiently well known in
practical situations, however, emissivities are determined
experimentally in practice. The theory is used primarily to
correlate emissivity values obtained experimentally under one
set of conditions with the corresponding values to be
expected under a different set of conditions, most commonly

at different temperatures.

Free electron theory, which allows predictions c¢f emissivity

as a function of electrical resistivity and wavelength, is

30
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Fig. 9. Experimental values for spectral reflectivity of aluminum vacuum
evaporated on optical plate. See Table 5 for numerical values.
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1.
2.

3.

Experimentally Determined Reflectance for

TABLE S

Aluminum Vacuum Evaporated on Optical Plate

A 1 2 3
mu Reflectance
.2 .928
.4 .926 .919
.65 .907 .9086
.8 .864 .868
.95 .912 .924
1.0 .940
1.2 .964
1.5 .974
2. . 968 .978
4. .975 .983
6. .978 .986
8. .979 .987
10. .980 .978 .988
l2. .982 .988
14. . 984
ls. .988 .989
8. .989 .990
20. .989 .990
22. .991
24. .991
26. .992
28. .992
30. .993

Hess[17], Schultz [18]; from n and K values.

Lenhan [21); from n and K values.

Bennett [22]; direct measurement.
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accurate only at wavelzngths longer than those ordinarily
used for radiation thermometry. Discussions of free electron
theory as it applies to predicting emissivity can be found in

reference [4], with examples in the case of aluminum in

reference [1].

SUBSURFACE EFFECTS IN DIELECTRICS

The depth to which radiation penetrates is much greater in
dielectrics than in electrical conductors, and the reflectiv-
ity of the air-dielectric interface is much lower. Emission
from dielectrics, being primarily a volume effect, therefore
tends to be diffuse. Since reflection by the air-dielectric
interface is a relatively small effect, surface roughness

plays only a minor role.

The decrease in emissivity for angles approaching the
tangent of optically smooth and homogeneous materials is
caused by refraction and internal reflection of internally
emitted radiation. In the case of dielectrics (Fig. 10),
total internal reflection occurs for off-normal angles
beyond the critical angle, which is determined by the
refractive index. This is not true of conductors, which
tend to have their maximum emissivity at around 75-85
degrees coff normal (for ideally smooth surfaces), with the
emissivity dropping to zero aléng the tangent as in the case
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Pig. 10. Directional emissivity of an optically
smooth opagque dielectric, as predicted
from electromagnetic theory [23], for
unpolarized radiation.

34



of dielectrics. The maximum in the emissivity of conductors
is caused by the minimum in the reflectivity at those angles,
aé—;;en in Fig. 8. The tendency for diffuse emission by
dielectrics is further enhanced when the material is optical-
ly inhomogeneous, as in the case of polycrystalline dielec-
trics, where reflection by subsurface scattering from grain
boundaries, pores and inclusions dominates both the reflsct-
ance and the emissivity. Thus we see that there is a
characteristic difference between the emissivity of dielec-

trics (high and diffuse) and that of metals (low and substan-

tially more directional).

COMPLEMENTARITY

Eq.(11) provides us with an indirect but commonly used way
to determine the spectral emissivity of opaque surfaces.
that is. by measuring spectral reflectance. Care must be
taken, however, to assure that the kind of spectral reflect-
ance measured is complementary to the kind of spectral
emissivity desired. In radiation thermometry, one ordinarily
wants directional rather than hemispheric spectral emissiv-
ity, and the complementary quantity is the directionally
incident-hemispherically reflected spectral reflectance.
This can be seen by considering a ray incident on a surface,
which may be either diffuse or specular, from direction i.
A fraction o; (1), the gpectral directional absorptivity, is
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absorbed and the remaining fraction oih(k). the spectral
directional -hemispheri ctance, is reflected into the
hemisphere above the surface. From the conservation of

energy, we therefore have

ui(k) + o,—h(l) =1 . (21)
It follows directly from Kirchhoff's law that

ei(k)+ pﬂ#l)= 1 (22)

This implies that the reflectance must be that corresponding
+o0 directionally incident radiation reflected into the
hemisphere above the surface, where the direction of inci-
dence is the opposite of that in which the emissivity is
desired. From the Helmholtz reciprocity theorem [247, it is
known that the reflectance for hemispherically incident-dir-
ectionally reflected radiation is the same as that for
directionally incident-hemispherically reflected radiation.
Belmholtz reciprocity applies in the vast majority of cases
encountered in radiation thermometry. Measurements are
usually made with hemispherically-incident radiation, for
which appropriate measurement techniques have been developed
[25]. Note also that if such measurements are made at one
temperature, such as room temperature., the actual values of
spectral reflectance and spectfal emissivity will be somewhat
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different at other temperatures because of at least some

degree of temperature dependence in the optical constants.

—

ENVIRONMENTAL EFFECTS

ATMOSPHERIC EFFECTS

The optical medium between the thermally radiating target and
the radiation thermometer includes atmospheric gases, vapors,
dust and any windows that might be in the sight path. The
atmosphere in most cases is composed of gaseous nitrogen,
oxygen, water and carbon dioxide, with other gases also
present to a significant extent in a variety of industrial
ébcesses. These gases, vapors and dust particles absorb,
emit and scatter radiation, and their effects on radiometric
measurements range from negligible to severe. By Kirchhoff's
law, emission is proportional to absorption. If the concen-
tration and temperature of a vapor-free atmosphere were
uniform, it would radiate in accordance with eqg.(8), with
o{A) = ¥; in practice, however, the concentration and
temperature of these atmospheric constituents tend to be
highly variable with time and position., and vapors are

frequently present.
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Although the physics of the absorption, emission and scatter-
iEEMProcesses is generally understood, the conditions under
which it applies are highly variable and seldom well enough
known quantitatively to allow for practical corrections to

be determined and applied. Once recognized, however, this
need not be a seriocus problem in most cases (gaseous absorp-
tion and emission), since there are spectral regions - known
as atmospheric windows - in which the atmosphere does not
absorb and therefore does not emit raciation. These spectral
regions are clearly evident in Fig. 11. If radiometric
measurements are confined to those spectral regions, atmos-
pheric interference - in the absence of particulate scatter-
ing - is entirely negligible. -When scattering effects are
strong, however, as in the case of suspended particulates
(dust), steam clouds or sooty flames, the use of an atmos-
pheric window alone does not correct the problem. It is then
common practice for the radiometer to view through a tube.
purged with a clean dry (transparent) gas, using a filter to

limit the radiometer passband to an atmospheric window.
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REFLECTED RADIATION

———

Radiation originating from extraneous sources and reflecting

from a target surface increases its spectral radiance and

causzes errors in radiometric temperature measurements:

+ Lx(x) (23

L)\()\)observed = Lk(k)emitted reflected

The magnitude of the reflected spectral radiance depends on
the spectral radiance of the extraneous source, the solid
angle subtended by it from the target area, and the bidirec-
tional spectral reflectance distribution tfunction of the
target. When the magnitude of the reflected radiance 1is
comparable to or larger than that of the emitted radiance,
errors in temperature measurement tend to be large. This is
most likely to occur when target temperatures are not greatly
different from ambient temperature, and the problem intensi-
fies as target temperatures decrease. At target temperatures
below about 120-15@ deg C, reflected radiation is usually the

dominant source of error in radiation thermometry.

The target can often be successfully shielded from the
extraneous radiation by a suitably placed screen. It is alsc
sometimes possible to measure the reflected component
separately with the aid of a relatively cool auxiliary

reflector of known reflectance located near the target and
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subjected toc the same irradiance, and toc then subtract that
component from the observed spectral radiance (eq.(23)). The
trend in recent years has been toward trying to develop

techniques for dealing with reflected radiation, some of

which have met with a significant degree of success [27].

SEVERE AMBIENT TEMPERAT ND DUST ENVIRONMENTS

It is frequently necessary to use radiation thermometers in
severe environments such as those commonly found in industry,
where the high temperatures would destroy an unprotected
instrument. Cooling is satisfactorily accomplished by the use
of air or water flowing through tubes provided in the
instrument housing to regulate its temperature. Alr or some
other dry gas to purge dust from the sight path and lens is
also usually supplied through tubes in the instrument

housing.

WINDOWS

Radiation thermometers must often view targets through
windows, thus reducing the spectral radiance by a factor
equal to the (external) spectral transmittance T()) of the

window:
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L, (T
L, (T)

apparent _ _(y) (24)

A simple expression for the difference between the (true)
temperature and the apparent temperature of the target viewed
through the window can be obtained by substituting the

expression for Lk b(X.T) from Wien’s law into eq. (24):
A d

lT' = -% + -i‘- <In (A} , (25)
apparent 2
where T can be either the mean effective wavelength of the

instrument or, if the spectral bandwidth is sufficiently
narrow, the reference wavelength, which can be determined
more accurately. The theory of effective and reference
wavelengths is very important in high accuracy applications,
such as in realizing the temperature scale, and has been
highly developed [28,29,30]. The mean effective wavelength
is an appropriately averaged wavelength that accounts fqr the
spectral response characteristics of the radiometer and is

found to be a function of T and T The reference

apparent
wavelength, on the other hand, is determined primarily by the

filter characteristics and is independent of T and '%pparaﬁf

For sufficiently narrow bandwidths, A is only very weakly

dependent on T and T and we then define the

apparent ’
“"A-value’' of the window such that
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___15A_ (46)
T

-_— apparent
In ordinary applications the A-value of the window iz treated
as a constant; once determined for any pair of temperatures,
it can be used to relate any other pair of temperatures. The
International Practical Temperature Scale above the gold
point is generated in this manner from a single known
temperature (a blackbody at the freezing temperature of gold,
1064 .43 deg C) using a set of filters of known transmittance
and a known spectral band, except that the Planck distribu-
tion is used instead of Wien’s law in eq.(24). This tech-
nique can alsc be used to extrapolate from any given temper-
ature on one range of a radiation thermometer to a temper-
ature on a higher range by viewing a target through a gray
filter having a known A-value, thus calibrating the upper
range in terms of the lower range as in the case of the

disappearing-filament optical pyrometer.
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THE RADIATION THERMOMETER

THE RADIOMETER MEASUREMENT EQUATION

The elemental radiant flux input to the radiometer (Fig. 1)

from the target area At into the solid angle Wy is
obtained from eq.(4):
3 = [ 3 * . . 2
3% L)\(A) 3A, €O 3w, *3A (27)

The radiant flux is attenuated by <t( 1), the spectral

transmittance of the optical system, as determined primarily
by a bandpass filter, and is then incident on the photodetec-
tor having a spectral responsivity @(A); the photodetector

generates an elemental output signal

33s =&(\)-t(r)-3% = R(x).-r(x)-LX(A)-aAt-cose-aw{aA (2

[0 8]

from which we have the radiometer measurement eguation:

S = ff,r R(A)W(A)-L)\(k)-aAt-cose-BthA (29)
Aw At
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= A L] s ] = A
t n,d Y4 whers n,d

is the projectioh of the field-defining aperture area normal

From the Lagrange Invariant, At.cos&m

to the optical axis and 'wd is the solid angle of radiant
flux incident on that aperture. Where LA(A) varies only

slowly with direction, we therefore have

s - An’d-md-ra()\)~1(>\)-L>‘()\)-d>\ (32)
(o]

If the spectral band 6)A centered about A is suffic-
iently narrow, the radiometer measurement equation can be

simplified to the form

wn
N

= K(}\c)'L)\(AC) (31)

where

K(x,) An dteg @A) T(h )6 (32)

Thus we see that the output signal of an ideal radiometer is

directly proportional to the spectral radiance of the target.

The three dimensional form of the Lagrange Invariant is also

known as the throughput, the gegme;;ic extent, or as the
etendue of the beam.
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This simplified form of the radiometer measurement equation,

when used with an appropriately defined correction factor,

can be used for high accuracy radiation thermometry with
relative spectral bandwidths ( 6A/A) up to about 14 %, using
the reference wavelength [28]. For larger relative band-
widthz, it is customary to use the mean effective wavelength
[30]. For less accurate work, eq.{(31) is commonly used -
without the correction factor - because of its simplicity.

For wide spectral bands, eq.(30) must be used.

THE OPTICAL SYSTEM

The optical systems of most radiation thermometers used in
industry are similar to that illustrated in Fig. 1, although
many instruments also include a visual viewing system for
alignment purposes. More sophisticated research laboratory
instruments often have additional optical elements behind the

field-defining aperture.

Some instruments use a mirror objective in place of the
objective lens, ordinarily for the purpose of viewing low
temperature targets where a very wide spectral band is
required. Mirror objectives have the advantage of b=ing
fully achromatic, i.e., their focal length is independent of
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wavelength. While raflective (mirror) and refractive (lsns)
objectives each have their advantages and disadvantages,
single-element lenses are more widely used than mirror

objectives in industrial radiation thermometers except for

low temperature measurements.

Materials suitable for use in infrared optics are relatively
few in number, and are much more costly than those used in
the visible spectrum. Finding a material with the desired
combination of properties is often difficult and sometimes
impossible. The spectral transmittance of several of the
most commonly used infrared optical materials are shown in
Fig. 12. The spectral range of gréatest interest in
industrial applications is from about 1.5 to about 4 um, with
some applications out to 14 ym. The visible spectrum is from

400 to 780 nm (@.4—@.8‘ﬂm).

There are several other properties of optical materials that
must also be taken into account. Many infrared optical
materials tend to be hygroscopic, sharply limiting their
usefulness in industrial radiation thermometers: those shown

in Fig. 12 are non-hygroscopic.

The refractive index of any optical material varies systemat-
ically with wavelength. Since the focal length of the lens

is a function of the refractive index, the focal length also
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diffraction limited even as a single element lens: howevar,
it_is opaque in the visible spectrum. Those, such as zinec
sulfide, that have a high refractive index, transmit in the
visible spectrum, and have other desirable properties,

are very limited in number, and are expensive. Lenses having
a low refractive index, such as fused silica and calcium
fluoride, have a large amount of spheric aberration. making
them unable to focus sharply gn small targets and causing the
target area to be larger than expected because of the

blurred image.

PHOTODETECTION

Photodetectors (Fig. 13) are classed as quantum detectors if
they convert photons to charge carriers, or thermal detectors
if they sense the heating effect of absorbed radiation. BRoth
types are used in radiation thermometry Linearity of
photodetector response is particularly useful in radiometry.
as is stability of responsivity with time and temperature. A
large variety of photodetectors iz now commercially avail-
able. Those most widely used in radiation thermometry at
present include PbS, PbSe, Si, InAr, InSb, thermopiles and
pyroelectrics. Some of these exhibit linear response to
radiant power input over dynamic ranges up to about nine
orders of magnitude; others are linear only over much smaller

ranges.
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varies with wavelength (longitudinal chromatic aberration).
An optical system with a simple objective lens designed to

—

work at one wavelength is therefore likely to be unsuitable
for simultaneous use at a substantially different wavelength,
since it focuses at a different target cdistance for one
wavelength than for the other. This can be a sericus problem
in instruments intended for spectral radiance measurements at
more than one wavelength, particularly when the target is
small. This also limits the extent to which an objective
lens that is intended to transmit radiant power to the
photodetector can also be used for visually aiming the
instrument. The problem can sometimes be largely eliminated
by achromatizing the lens. This is seldom done in industrial
instruments, however, since it greatly increases the cost of -
an already expensive infrared lens, and often dées not
produce an otherwise high quality image except on or very
near the optical axis. Mirror objectives are often used to
eliminate chromatic aberration, since they are fully achro-

matic.

Spheric aberration iz the only other significant lens
aberration affecting the performance of "spot-type” radiation
thermometers, and it can be controlled or gliminated by
choosing a lens material that has a sufficiently large
refractive index. There are several materials that work

well for this purpose. The best is germanium, which can be
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The spectral responsivity of most quantum photodetectors is

-———

strongly temperature-dependent, requiring extensive use of

temperature compensation techniques. Silicon photodiodes,
used for the target temperature range above about 5d¢ deg O,
are especially ncteworthy in that they have a highly linear
response (over eight decades in many cases), their responsiv-
ity is nearly independent of temperature over a significantly
wide =pectral range, and special techniques have recently

been developed for their accurate "self-calibration”™ [31].

Those detectors that perform best in the spectral range best
suited to radiation thermometry in the metals industries
(about 1.5 to 2.5 am) tend to need a substantial amount of
ambient temperature compensation. The responsivity of lead
sulfide, for example, chénges by about 3% per degree C

change in ambient temperature. This is an area in which
present day industrial radiation thermometers are in need of
improvement if they are to meet the tightest tclerances
required by industry. Suitable technology presently exlsts
to do this, primarily through the use of temperature-regulat-
ed thermoelectric coolers to cool and regulate the tempera-
ture of the photodetectors. Some industrial radiation
thermometers already use thermoelectric cooling, but most are
not sufficiently well temperature regulated, holding the
detector temperature constant only to within about 1 degree
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C. The principal disadvantage to this apprcocach is the
increased cost of the instrumentation.

Radiation thermometry is frequently concerned with very
low-level signals, where noise is a significant factor.
Noise is present in the photon stream due to the statistics
of photon emission. Noise also originates in the detector
itself, where it is described in terms of the specific

spectral detectivity, D.(A), of the detector., and finally,

noise is introduced in the amplification process. The

use of modulated - or “chopped" - radiation permits the use
of ac amplification; this introduces less noise than dc
amplification and serves to eliminate much of the signal
component due to unwanted “background" radiation. The
effects of noise are controlled by filtering, in combination
with the selection of various optical system parameters in
the measurement equation. Noise ultimately sets the limit

to temperature resolution in radiation thermometry.

Long-term changes in the spectral responsivity of photodetec-
tors or their temperature compensation are often accommodated
by the use of some form of internal reference standard such
as an incandescent or solid state lamp. The internal
reference standard in such cases has been determiged to be
much more repeatable over an extended period of time than is

the responsivity of the photodetector. In some instruments
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using highly sensitive but unstable detectors (e.g.., PbS).
tgg“;eference source is used continuously in a radiation
null-balancing system. The disappearing-filament optical
pyrometer is an early example of such a system: automated
versions of that and other null-balancing instruments now

exist.

HIGE POWER OF T

Much of the behavior characteristic of narrow-band radiation
thermometers can be understood by expressing thermally
emitted spectral radiance in terms of a power of the temper-
ature , 1.e.,

LaT {33)
Where Wien’'s law is a suitable approximation, it can be shown

that

n = EL (341
AT
It follows that
aT | 1. de [{35)
T n _q
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The typical range of values for n is approximately & ¢ n <
20. The relative error in the measurement of emitted
sézéiral radiance is thus seen to be reduced by a factor of
l1/n in its effect on the relative error in the temperature.
It is apparent that such errors can be minimized by maximiz-
ing n. This usually means using the shortest feasible
wavelength, as in the case of window or emissivity effects,

although there are circumstances (e.g., in the presence of

reflected radiation) in which the opposite is true.

CORRECTIONS FOR EMISSIVITY EFFECTS

If the emissivity is known and is essentially independent of
wavelength across the radiometer passband, its effects can be
compensated for by increasing the radiometer amplifier gain
by a factor equal to the reciprocal of the emissivity. When
the gain cannot be adjusted, as in the case of a disappear-
ing-filament optical pyrometer or a null-balancing radio-

meter, a correction can be computed by substituting Wien's

law into eq.(9), from which we obtain
1? - l = % Y ]n E()\) (‘36)
apparent 2 ‘

where A is the mean effective wavelength, discussed earlier.
When the emissivity changes appreciably across the passband,

we must use a different approadh that is more direct but more
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difficult to implement. The radiometer responds with the
same signal that it would have if it were viewing a blackbody

at the temperature Tapparent From eq. (39)

o @ (37)
An.d"% -Jﬁ(k)- r(k)-e(k)-L)\,b(k,T)-dA = An’d-wd-gﬁ(k)-r(A)-Lk,b(x,Tapparent)-d

The true temperature T is determined from the indicated

temperature T by numerical integration of the above
apparent
expression. This requires numerical descriptions of € (X).
T{(A) and Q(AL Prior to the advent of computers, this

method - although exact in principle - regquired so much labor
that it was seldom used. This no longer is true, although
other methods may still be preferable in many cases, particu-

larly for narrow passbands or where fast response is needed.

RATIO THERMOMETERS

A ratio thermometer can be used to compensate for emissivity
effects when the emissivity ratio e (X;)/e(i;) is known.
Such an instrument can be thought of as two nearly monochro-
matic radioﬁ}ers operating at known wavelengths, A; and A

respectively, viewing the same target. From eq. (31),

SI(T) = KI'E(AI).LA’b(Al ’T) (38)
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and

S2(T) = Kyeeldg)el, (Ap,T) (39)

A,b(

where K; and K, , or their ratio, are determined by
calibration in terms of a blackbody or graybody From the
ratio of the measured signals, and by substituting from

Wien’'s law for LA b(l,T), we have

€2 (1 _1
R(T) = 2810 o Ko, ely) | T %% (40)
Sz T K, € Az

which can be solved for the temperature, since all other
quantities are known. This type of radiation thermometer is
most frequently applied where graybody conditions have been
shown to exist, i.e., where €A1 ) = e(2 ), such as is often
the case in the steel industry. Thus far, it has not proven
satisfactory in aluminum industry applications because the
spectral emissivity ratio at any two suitable wavelengths is
too variable from one alloy to another. Ratio thermometers
are also useful where only part of the target lies in the
field of view, such as when dust obscures the target,

or where the target is a hot wire passing through the field
of view. It is only necessary that the same fraction of the

field of view be used at each of the two wavelengths.
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FUTURE DEVELOPMENTS

—————

Radiometric methods of temperature measurement have advanced
to the point where commercially available radiometers
operating in a number of spectral regions are widely used in
industry, especially in process control and monitoring
applications. While radiometer performance is presently
satisfactory for most industrial applications, however,
repeatability and noise levels often fall short of the mark
required for research and development applications. The
pertormance of a number of custom-built research radiometers,
on the other hand, suggests that existing technology can
support higher performance radiometry than is currently

practiced in industrial radiation thermometry.

The effects of unknown emissivity and reflected extraneous
radiation remain as the major hurdles for applied radiation
thermometry, but the new hybrid methods are making sesrious
inroads into these problem areas, and hold promise for much
more progress. The development of hybrid methods was made
possible, in turn, by the improved engineering understanding
of the physics of thermal radiation from the surfaces of real
materials and the development of related analytical techni-
ques. The possibility of the widespread application ot

hybrid methods in the form of practical radiation thermometry
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has besan made likely to become reality by the recent advsnt
of microprocessors.

These advances hold high promise for the development of
methods and instrumentation that will greatly improve the
accuracy and extend the range of application of radiometric
methods. Future developments are likely to require a
greater familiarity with the theory of radiometry -and a
detailed understanding of the radiative properties of

surfaces.
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